ABSTRACT: The brain functions through chemical interactions between many different cell types, including neurons and glia. Acquiring comprehensive information on complex, heterogeneous systems requires multiple analytical tools, each of which have unique chemical specificity and spatial resolution. Multimodal imaging generates complementary chemical information via spatially localized molecular maps, ideally from the same sample, but requires method enhancements that span from data acquisition to interpretation. We devised a protocol for performing matrix-assisted laser desorption/ionization (MALDI)-Fourier transform ion cyclotron resonance-mass spectrometry imaging (MSI), followed by infrared (IR) spectroscopic imaging on the same specimen. Multimodal measurements from the same tissue provide precise spatial alignment between modalities, enabling more advanced image processing such as image fusion and sharpening. Performing MSI first produces higher quality data from each technique compared to performing IR imaging before MSI. The difference is likely due to fixing the tissue section during MALDI matrix removal, thereby preventing analyte degradation occurring during IR imaging from an unfixed specimen. Leveraging the unique capabilities of each modality, we utilized pan sharpening of MS (mass spectrometry) ion images with selected bands from IR spectroscopy and midlevel data fusion. In comparison to sharpening with histological images, pan sharpening can employ a plethora of IR bands, producing sharpened MS images while retaining the fidelity of the initial ion images. Using Laplacian pyramid sharpening, we determine the localization of several lipids present within the hippocampus with high mass accuracy at 5 μm pixel widths. Further, through midlevel data fusion of the imaging data sets combined with k-means clustering, the combined data set discriminates between additional anatomical structures unrecognized by the individual imaging approaches. Significant differences between molecular ion abundances are detected between relevant structures within the hippocampus, such as the CA1 and CA3 regions. Our methodology provides high quality multiplex and multimodal chemical imaging of the same tissue sample, enabling more advanced data processing and analysis routines.
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T he brain is a complex organ that is incompletely understood, partly due to its vast chemical and cellular heterogeneity. Communication between different cell types via the exchange of chemical signals contributes to emergent functions, including episodic and spatial memory, in which the hippocampus plays a critical role. 1, 2 While many morphological regions of the hippocampus are involved in the formation and maintenance of different memory types, the dentate gyrus (DG) is implicated in the formation of spatial and long-term memory. 3, 4 A wide range of distinct cell types are present in the DG, including granule cells, astrocytes, ependyma, radial glia, neuroblasts, and inhibitory neurons. 5 Several analytical approaches have effectively been used to advance our understanding of brain function, e.g., electrophysiology, 6 immunohistochemistry, 7 behavioral analysis, 8 and magnetic resonance imaging, 9 among others. 10−13 Despite this progress, there remains a need for techniques capable of untargeted, multiplex chemical analysis at spatial resolutions relevant to cellular length scales.
Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry imaging (MSI) is capable of multiplex detection and structural characterization of hundreds to thousands of analytes within a sample at femtomole detection limits. 14 However, MALDI MSI typically obtains spatial resolutions greater than 20 μm, 15 precluding subcellular imaging of tissue sections using most commercial instruments. Several labo-ratories have built prototype MALDI mass spectrometers capable of subcellular resolution, 16, 17 or used oversampling techniques on commercial instruments 18 to achieve smaller pixel sizes. However, these approaches can reduce chemical coverage due to the decreased absolute number of analytes present in a single pixel of the chemical image.
Although instrument modifications are one approach to achieving higher spatial resolutions, an alternative is to enhance the resolution of mass spectrometry (MS) ion images through sharpening using another imaging modality. 19−21 When an ion distribution image is correlated to an underlying, high spatial resolution image, the results of sharpening are encouraging. However, generally only a single, high spatial resolution image is available for sharpening. Pan sharpening ion images with contrasting high spatial resolution images can induce artifacts or degrade the quality of the original MS image. Therefore, a singular, high spatial resolution image limits the number and diversity of ion images suitable for sharpening, possibly excluding important analytes. Here, we overcome this limitation by sharpening MS images with those obtained using another chemical imaging approach.
Infrared (IR) spectroscopic imaging is a nondestructive, optical imaging method that provides rich spectral information at micron spatial resolution. 22, 23 Numerical algorithms can relate the data to histologic identity or transformation of constituent cells, 24−28 and provide images that mimic those obtained from conventional staining protocols.
29, 30 The collected data can be used to identify classes of chemicals in tissue 31 but not most individual metabolites in complex biological samples. Thus, coupling IR and MSI presents a unique opportunity to integrate complementary spectral data and spatial resolutions. We applied this combined approach to measure chemical distributions present within the hippocampus, including the DG.
Because of its promise, the integration of MSI and vibrational spectroscopy has been a long-term goal. 32−34 Practitioners have recorded IR imaging data prior to MSI by combining synchrotron Fourier transform (FT)-IR microspectroscopy with time-of-flight (TOF)-secondary ion mass spectrometry to study histopathological changes in hepatic steatosis. 35, 36 Recently, hyperspectral imaging was performed with FT-IR spectroscopy, confocal Raman spectroscopy, and MALDI MSI on hamster brains. 37 In that work, the FT-IR and Raman spectroscopic analyses were conducted on the same tissue section, and MALDI MSI was used to study an adjacent section.
Our goal was to demonstrate enhanced registration and image correlations using both modalities to interrogate the same sample. The choice of recording IR data first seems intuitive and straightforward. However, as IR spatial resolution increases, the image acquisition time also rises to at least several hours, over which analytes in the fresh tissue (as required for MSI) may degrade. While MALDI MS is generally considered destructive, prior reports have shown that only a fraction of the sample is consumed during the measurement process. 38 After single cell MALDI MS, sufficient material remains for follow-up analyses. 39, 40 In imaging applications, tissue sections are frequently stained following MSI. 41−45 The MALDI matrix 2,5-dihydroxybenzoic acid (DHB) is utilized industrially as an antioxidant 46, 47 and the vacuum created inside the ion source reduces oxidation during analysis. 48 This may be one of the first explorations of using these two imaging modalities, at their native optimal configurations, in which MS is performed first. Given the persistence of diagnostic information in IR imaging, despite the influence of various preparation conditions, 25,49−51 it is likely that IR chemical signatures arise from robust structural features, and different regions of the brain are likely conserved post-MALDI analysis as well. 31 We developed a combined chemical imaging approach that allows broadened spatio-chemical characterization of a variety of biological samples via sequential analysis of specimens using MSI followed by IR imaging. While counterintuitive in terms of analysis order, the methodology preserves the information acquired by both analytical modalities. The resulting multimodal imaging data set can be easily spatially registered through affine transformations and is suitable for data fusion, including pan sharpening. Compared to prior approaches for sharpening MS ion images utilizing optical monochrome morphological information, we used "chemical pan sharpening" as a means to leverage both the higher spatial resolution IR image and spectral content to optimally fit the ion distribution images. Finally, we determined that data fusion of the image sets enables discrimination between anatomically relevant brain regions.
■ EXPERIMENTAL SECTION
Chemicals. All chemicals were purchased from Millipore Sigma (St. Louis, MO) and used without further purification unless otherwise specified.
Animals. Ten-to 12-week old LE/BluGill rats (University of Illinois at Urbana−Champaign) were used for all studies. Use of this inbred strain greatly reduces interexperimental variation common to outbred animals and allows achievement of high statistical significance with small sample sizes. A dense genome scan was performed at a 10 cM interval between markers on LE/BluGill progenitors. The results of this scan, performed by the Medical College of Wisconsin Human and Molecular Genetics Center as part of the National Heart, Lung, and Blood Institute (NHLBI) Programs for Genomic Applications (PGA) U01 HL66579, demonstrated that the colony is inbred, yielding one allele at each locus tested (http://pga.mcw.edu/pga-bin/strain_desc.cgi).
All animal-related experimental procedures were conducted at the University of Illinois at Urbana−Champaign under protocols approved by the Institutional Animal Care and Use Committee under Animal Welfare Assurance number A3118-01. All animal care and experiments were conducted in full compliance with the principles and procedures outlined in the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Tissue Sectioning. Coronal brain sections containing the hippocampus were prepared from adult LE/BluGill rats. Rats were sacrificed by decapitation 2 h after lights were turned on in the donor colony. Brains were quickly removed and placed on dry ice crushed to a fine powder. Coronal brains were sectioned (20 μm) by cryostat at −17°C (Microm HM550, Thermo Fisher Scientific, Waltham, MA). Sections containing a similar hippocampal rostral-caudal plane from three separate animals were placed on the same low emission (low-E) glass slide (Kevley Technologies, Chesterland, OH) and stored with Drierite desiccant at −80°C until further analysis. Placing the three biological replicates on a single slide reduces batch variations for IR analysis and correlated MS analysis.
Sample Preparation and MS Analysis. Tissue sections for MS analysis were warmed to room temperature in a dry nitrogen box for an hour before MALDI matrix application. DHB was sublimed onto tissue sections, forming a fine crystal layer with a thickness of ∼0.3 mg/cm 2 using a custom sublimation chamber described previously, which enables MSbased lipid analysis. 52−54 Following sublimation, slides were returned to 22°C within a dry nitrogen box for at least 15 min. Prior to quantum cascade laser (QCL)-IR analysis (either before, after, or without MALDI MS analysis), sections were placed in a vacuum desiccator for 2 h.
Coated with DHB, hippocampal tissue sections were imaged at 1200 dpi with a flatbed scanner (Canon U.S.A. Inc., Melville, NY) to guide MSI. Optical images were loaded into flexImaging ver. 4.1 (Bruker Corp., Billerica, MA) and registered with a solariX XR 7T FT-ion cyclotron resonance (ICR) mass spectrometer (Bruker Corp.). Figure 1 displays the optimized protocol for correlated MALDI MSI and QCL-IR spectroscopy. Spectra were acquired in positive mode covering a mass range of m/z 150 to 3000, requiring a 0.7340 s transient. All MS data were acquired using the "minimum" laser probe setting (∼25 μm diameter). The tissue was imaged with a 25 μm pixel size and two additional biological replicates were collected with 50 μm pixel sizes, with corresponding data presented in the Supporting Information (SI). Data at each pixel were generated by accumulating ions produced during ten laser shots at 25% power and 1000 Hz, unless otherwise specified. Reduced profile spectra were saved via ftmsControl 2.1.0 (Bruker Corp.) and a reduced file was generated within flexImaging for later import into SCiLS 2016b ver. 4.01.8720 (Bruker Corp). Within SCiLS, spectra were root-mean-square (RMS) normalized and exported in imzml format for further analysis.
Matrix Removal and Sample Fixation. After MSI analysis, hippocampal tissue sections were placed within a solution of 4% paraformaldehyde (PFA) in 1× phosphate buffered saline (PBS; ThermoFisher Scientific) for 15 min to remove the MALDI matrix and concurrently fix the tissue sections. Tissues were washed in PBS for 3 min following fixation and briefly rinsed with Milli-Q water (Millipore, Billerica, MA) to remove any remaining salts. Tissues were dried under a stream of nitrogen gas and placed within a desiccator for 2 h before QCL-IR imaging.
Infrared Analysis. IR spectroscopic images were acquired using a prototype QCL-IR system (Agilent Technologies, Santa Clara, CA). 55 The discrete frequency QCL-IR system uses a room temperature single-point bolometer detector, with a 0.72 NA objective lens. Spectra were acquired in the mid-IR range, 1900−800 cm −1 , at 8 cm −1 spectral resolution and 5 μm image pixel size in reflection mode. Spectral processing steps were implemented in MATLAB 2015b (MathWorks, Inc., Natick, MA) and the ENVI-IDL 4.8 environment, and saved as .mat files for registration with MALDI images.
Data Registration and Analysis. MSI data sets were imported into MATLAB as imzml files using a modified version of MSIreader. 56 The series of mass spectra corresponding to each pixel with the MS image consisted of m/z intensity pairs of centroid data. Mass spectra were aligned with nonuniform bin widths because mass resolution changes as a function of m/z value for FT-ICR MS. For example, the bin width at m/z 150 was 0.0004 and 0.05 Da at m/z 2500, with 10 additional divisions in between. Bin widths were estimated as the average peak width at m/z values over the range of the mass spectra. Bins were constructed as piecewise linear divisions over the entire spectral range. Next, the centroided m/z values of each peak in the spectrum were counted and placed into finer bin divisions (one-eighth the values provided above) for outlier noise removal. The distribution of peak frequency was peak-picked with a minimum peak distance of the original bin width and a height threshold of 0.1% of the number of pixels. These operations removed peaks found in a small subset of pixels, producing a tentative m/z list for the aligned data set.
Next, the rough m/z list was refined by determining the center of mass for all peaks falling within the bin range. Thus, while binning was performed for alignment, the recorded m/z value retained high mass accuracy from the FT-ICR MS data. Finally, the signal intensity matrix was populated from the exact m/z list by summing the intensities within the recorded m/z value ± the bin width. The resulting data matrix was suitable for performing multivariate data analysis.
Image registration between MS and IR images was performed on the score image of principal component 1 (PC1) determined during principal component analysis (PCA) of the data matrix, which captures the majority of variance in each imaging mode. To speed computation, a subset of 1000 pixels was randomly chosen from each set of images to estimate the coefficient matrix by PCA. The entire score image was estimated by multiplying the signal intensity matrix by the coefficients determined with a subset of pixels. The score image resulting from PCA on a subset of pixels was qualitatively identical to the entire data set and produced adequate alignment through image registration.
Next, the score images were roughly overlain by manually selecting control points from anatomical features present in each image. The initial, affine transformation was utilized to seed intensity-based registration, which produces better overlap. Manually determining the initial transformation was necessary to ensure consistent convergence of the intensitybased registration. The resulting affine transformation was then utilized to map the MS image onto the IR image space.
Pan Sharpening. Pan sharpening was performed with a Laplacian pyramid method, which utilizes high spatial frequency components from the higher spatial resolution IR image to sharpen chemical images obtained by MSI. 21 Briefly, this implementation incorporates the affine transformation from registration to estimate a scaling factor, and can match arbitrary differences in scale. First, the scale of the transformation is utilized to determine the number of iterations to down-sample the IR image. Each down-sample increases the pixel size by a factor of 2. To match the image modalities for fusion, the MS image is up-sampled slightly to the next matching size, e.g., fusing the 5 μm IR pixels with the 25 μm MSI pixels required interpolating the MS image to 20 μm for two iterations of down-sampling.
At each iteration, the IR image is reduced with the kernel specified by Burt and Adelson, as implemented in the MATLAB function impyramid. 57 The difference between the effectively blurred reconstruction and the current image retains the high frequency features of the image, which is stored in the Laplacian pyramid. Once the IR image is resized to match the MS image, the process is repeated in reverse. At each iteration, the MS image is expanded by a factor of 2 and the Laplacian pyramid imparts the high frequency information from the IR image.
Midlevel Data Fusion. Data fusion of each image set was performed by up-sampling the MS images to match IR image spatial resolution. Briefly, both MS and IR images were subjected to PCA for dimensionality reduction while retaining 99% of variance for the IR data and PC1−PC10 for the MSI (∼64−81% of variance). The choice of principal components attempted to balance the contributions of each modality while rejecting any unnecessary noise. To up-sample the MSI data, each score image was spatially transformed to the IR image with bilinear interpolation. Data fusion was conducted pixel by pixel between the IR and MS images by concatenating the PC scores and standardizing each principal component to be mean centered with unit variance. The resulting, fused image was again subjected to PCA to identify the highest-variance contributions.
For unsupervised, multivariate classification, similar pixels were grouped together by k-means clustering for each IR spectral feature image, interpolated MS image, and fused score image. Within the hippocampus, clustering highlights anatomical regions that are chemically similar to each other. The optimum number of clusters was determined by DaviesBouldin cluster evaluation. Statistically significant differences in ion intensity between anatomical regions were tested by oneway ANOVA with multiple comparison false discovery correction. A posthoc Tukey-Karmer method was used for multiple comparison tests between significantly different ion intensities.
■ RESULTS AND DISCUSSION
Optimized Acquisition of Multimodal Imaging Data sets. Combining disparate analytical techniques frequently requires compromising established protocols to prepare a sample suitable for analysis by each method. The suboptimal performance of a given method is an acceptable compromise if the orthogonal information acquired from the multimodal approach offsets the degraded data quality and/or analyte coverage compared to using a single method. To optimize multimodal data acquisition, a systematic assessment of QCL-IR and MALDI MS analyses and their interactions was performed.
To analyze the same tissue section, some compromises between MALDI MS and IR imaging were required. IR imaging of tissue sections frequently employs salt plates with low IR absorbance, or low-E glass slides that reflect IR light effectively. Due to their lower cost, we utilized low-E glass slides for the IR acquisition. Initial attempts to increase low-E slide conductivity for MALDI-TOF analysis included gold sputtering following MALDI matrix application. This treatment introduced additional variance during sample preparation and left an insoluble residue after MALDI matrix removal, complicating subsequent IR analysis. Thus, we used a MALDI FT-ICR mass spectrometer, which functions appropriately with nonconductive substrates, likely because of the decoupling of analyte desorption/ionization and analysis, as well as the medium level of vacuum in the ion source. 58 We also found that spray-based MALDI matrix application led to unacceptable levels of analyte delocalization, as was evident in the resulting IR images. Thus, we applied MALDI matrix by sublimation, thereby improving IR imaging.
Since IR microspectroscopy is generally assumed to be nondestructive, IR imaging of tissue sections was conducted first in our initial experiments. The post-IR imaging tissues were degraded in quality for further MSI measurements; many chemical compounds became undetectable and the overall signal intensity was lower compared to control tissue analyzed directly with MALDI MSI. To validate this finding, adjacent tissue sections were imaged by MALDI MS with and without IR analysis (Figure 2 ). Optimum signal intensity was obtained using MALDI MS with 25% laser power and 10 laser shots for the control sample (Figure 2A(i) ). Using the same settings we were unable to acquire high quality mass spectra from tissue after IR imaging (Figure 2A(ii) ). For example, the RMSnormalized intensity of the base peak in the average mass spectrum decreased from 1.6 × 10 7 to 4 × 10 6 counts following IR imaging ( Figure 2B (i) and (ii)). As shown in Figure 2A (iii), doubling the laser power and number of laser shots were necessary to regain similar signal intensity (9 × 10 7 counts) but not the morphological detail of the ion images. While doubling the laser power increased the raw intensity above values obtained in the control measurement, the observed noise level also became disproportionally higher (∼100 fold), demonstrating that the signal-to-noise ratio was still worse overall. Moreover, tissue exposed to higher MALDI MS laser power was physically damaged, preventing follow-up staining with hematoxylin and eosin, or immunohistochemistry. Our finding that the tissue had degraded MS signals after IR imaging is somewhat counterintuitive as studies have shown that nano-IR causes small temperature changes with QCL illumination. 59 However, lipid degradation in unfixed tissue at ambient conditions has been shown to reduce MSI signal quality. 60 Exploration of the mechanism and magnitude of tissue degradation is beyond the scope of this manuscript. Regardless of the cause(s), acquiring IR data first not only leads to poorer mass spectral data but may also increase variability in the IR measurement itself as the sample changes during acquisition. One option to mitigate damage could be to use a tightly controlled protocol that may also involve nitrogen purging, but this option was not explored here.
Next, we explored reversing the order of the multimodal measurements by first examining how MALDI MS alters the results of IR measurements. Adjacent hippocampus tissue sections were analyzed with IR imaging with various perturbations from the MALDI MSI process. Tissues were either (1) directly fixed using PFA, (2) coated with DHB and then fixed, or (3) coated with DHB, analyzed by MALDI MS, and fixed. Figure 3A displays absorbance images acquired at wavenumbers for the asymmetric PO 2 − stretch (1248 cm-1) and amide II stretch (1656 cm −1 ). Qualitatively, the images indicate no damage from MALDI desorption and no apparent distortion or blurring of expected morphological image features. The average absorption spectrum was calculated from the hippocampal region, shown as shaded regions of interest, and plotted for direct comparison ( Figure 3B) . The spectra indicate a slight red shift in IR spectra collected from tissues exposed to DHB, with no change upon laser ablation. Similar shifts have been reported for different fixation treatments in other studies and could arise from a change in the optical refractive index mismatch within tissue 61−65 as well as chemical changes to the protein backbone. Moreover, the shift between the amide I and amide II bands may be the result of an altered microenvironment, loss of some chemical species, or exposure to atmosphere. The tissue that was sublimed with DHB but not subjected to MALDI MS analysis had the highest absorbance values, whereas the tissue analyzed by MALDI MS more closely resembled the fixed tissue section. The spectral differences may be from residual DHB absorbing in the region of 1500−1750 cm
. Overall, most IR spectral features are similar between the adjacent tissue sections, demonstrating that performing MALDI MS before IR spectroscopy results only in minor changes to the IR imaging data. Compared to the drastic differences seen in MALDI MS performed after IR spectroscopy, the order of multimodal analysis described here provides an acceptable compromise.
Chemical Pan Sharpening of Ion Images. A benefit of combining different imaging approaches is the increased flexibility in data analysis and visualization. Various types of microscopy data sets (e.g., hemotoxylin staining, eosin staining, and electron microscopy) are utilized for pan sharpening of chemical imaging outputs. However, not all chemically unique morphological features can be observed in singleplex images. Also, using contrasting distributions can introduce artifacts or fail to improve sharpness, which is especially problematic when only a single image is available for pan sharpening. With additional choices for sharpening, pan sharpening can be optimized to enhance a given ion image without introducing artifacts. Multiplex IR data sets display a "mesoscale" level of detail in tissue composition, such as overall lipid, protein, and nucleotide distributions, but at higher spatial resolution than MSI. Thus, these images present unique opportunities for pan sharpening of MSI data sets. Through chemical pan sharpening, more ion images are suitable for sharpening as more corresponding contrast distributions can be found. Figures  S2, S4 , and S6), many small, cellular structures arise in sharpened images from high frequency information contained in the 1656 cm −1 band. However, because the cell-like structures are not seen in the ion image, the features must arise from IR absorbance contrast and cannot be used for making assumptions of analyte localization within the cell bodies. While more apparent in Figure S5E ,H, the data also demonstrate the ability of IR microscopy to detect fine tissue features that are invisible to MSI that may be native or arise during sample handling.
Careful handling is paramount during tissue sampling and sectioning as sample preparation artifacts can be propagated to the pan-sharpened image. In Figure S6 , the sharpened image in panel G appears blurrier than the image in panel H, which is sharpened by an IR band exhibiting higher contrast around the DG. The example images demonstrate that the quality of pan sharpening depends on the contrast and distributions present in the underlying, higher spatial resolution images. Pan sharpening with IR distributions provides additional options for selecting appropriate bands for sharpening, but care is required when extrapolating beyond distributions present in the low spatial resolution, MS images.
Since Laplacian pyramid fusion functions on individual ion distributions, sharpened ion images can be combined and presented as an RGB composite (Figures 4, S7, S8 ). Figure 4A shows the RGB MS image overlaying the distribution of three compounds in the hippocampus. While different layers within the hippocampus are visible, the spatial resolution at which MSI was acquired is insufficient for distinguishing clear regional boundaries and, in some cases cellular localizations, within the brain tissue. However, sharpening each ion image with an absorbance image arising from the amide II band (1656 cm (Figures S7 and S8 ). After fusion, tissue morphology associated with known cellular structures becomes more apparent; e.g., the round structures within the bottom portion of the DG that appear as blurry, indistinct hot spots ( Figure  4C ). The resulting sharpened image is a qualitative fusion of the multimodal data sets, with color and brightness determined by ion abundances within a pixel and high frequency spatial information from the amide II stretching band.
Midlevel Data Fusion of IR and MALDI MS Images. Hyperspectral PCA score images provide measures of the tissue variance, where pixels of the same color represent a closer distance in the score space and therefore similar chemical composition. Figure 5 shows hyperspectral images derived from spectral PCA of IR imaging ( Figure 5A ) and FT-ICR-MSI ( Figure 5B ) data. The overlaid IR image produces a higher spatial resolution view of the DG with some cellular features visible ( Figure 5A) ; however, only the first two principal components display meaningful morphological information as the third component appears to be noise. The hyperspectral PCA score images of FT-ICR-MSI ( Figure 5B ) have noticeably poorer spatial resolution but display more chemically distinct regions. Distributions of individual principal components higher than PC2 demonstrate more noise but depict some morphological detail ( Figure 5B ). Combining the PCA score images and performing PCA on the fused data produces the midlevel fusion image ( Figure 5C ). The fused data set shows additional layers within the hippocampus at an improved spatial resolution. The improvement from midlevel fusion is especially striking for replicates shown in Figures S9 and S10 , where some artifacts visible in the IR images are removed from the fused images.
For biological replicate 1, acquired at 25 μm pixel widths for MSI, Davies-Bouldin optimization indicates the data are well modeled with 11 unique clusters ( Figure S11 ), which associate well with histologically defined morphological regions within the hippocampus. Notably, we can parse out the lucidum and alveus layers separately in segments 3 and 6, respectively. The unsupervised clustering effectively annotates the tissue morphology according to previous histological classifications. With a segment map, average IR and MS spectra for each region can reveal their unique chemical profiles. A representative example in shown in Figure 6 (with additional replicates shown in Figures S12−S14) ; segments 1−4 are overlaid to show a clear chemical separation of CA1 (blue), the lucidum layer of the CA3 (pink), the rest of CA3 (green), and the DG (purple). A comparison of the average absorption spectra reveals differences around 1250 cm −1 , 1550 cm −1 , and 1680 cm −1 ( Figure 6B ), which are largely related to differences in protein. Additionally, the average mass spectra show several, significant differences between phosphatidylcholine (PC) lipid signal intensities, as summarized in Figure 6C , D. The box plots ( Figure 6D) ) with differing abundance between segments corresponding to CA1, the lucidum layer of CA3, the rest of CA3, and the DG. Through data fusion and unsupervised clustering, significant chemical differences are detectable between physiologically similar regions. Neither method alone provides the chemical specificity and spatial resolution to differentiate between each layer. Multimodal imaging, optimized for high data quality, is vital for exploring chemical heterogeneity present in complex biological systems, including the brain. 
■ CONCLUSIONS
We developed an analytical workflow that allows MALDI MS and IR spectroscopy to be performed on the same tissue. The workflow allows for chemical pan sharpening of MS ion images with a variety of IR absorption bands, providing optimized pan sharpened ion images with minimal artifacts. The inherent spatial agreement between modalities allowed us to determine lipid distributions within the DG, a morphologically and chemically complex, and functionally important, brain structure. Further, we developed a midlevel data fusion approach that allows chemical information from each technique to be combined, enhancing discrimination of structurally important regions by k-means clustering. Because MALDI MSI is a gentle ionization approach, laser damage was not observed in the IR images, making the incorporation of traditional staining methods feasible. Immunohistochemistry would further augment the multimodal data sets with information on localization of targeted antigens within the hippocampus. The multimodal imaging approach presented here can be easily extended to other biologically important structures in the nervous system, such as the supraoptic and suprachiasmatic nuclei. 
